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UNFOLDING THE AIR VANES ON A SUPERSONIC AIR-LAUNCHED MISSILE 
Martin Wohltmann* and Michael De O'Leary** 
ABSTRACT 
ASALM (Advanced Strategic Air-Launched Missile) is a supersonic air 
vehicle designed to be air-launched from a carrier aircraft. The four aft 
aerodynamic control vanes are folded to maximize the number of missiles car- 
ried on-board. The unfolding (erection) system must be small, energetic, 
fast, and strong. This paper describes the materials selected and problems 
that arose during development of the unfolding system. An artist's concept 
of the ASALM in flight is shown in Figure 1, 
Figure 1. The Advanced Strategic Air-Launched Missile (ASALM) 
INTRODUCTION 
To maximize internal carry packaging efficiency on one of several car- 
rier aircraft, the four aft aerodynamic control vanes on the ASALM must be 
folded to fit within a pie-shaped sector around the launcher spindle. 
ysis of the launch sequence has shown that 350 ms can be allocated for vane 
Anal- 
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deployment. However, 250 m s  of t h i s  a l l o c a t i o n  are required f o r  the missile 
t o  separate from the  launcher and clear the  weapons bay door, leaving 100 m s  
f o r  vane opening. Figure 2 shows the  ASALM/weapons bay in te r face .  
Erected Lower 
A i r  Vane 
k 0 . 3 9  mA 
0.26 m +-d 
Figure 2. ASALM/Weapons 
Bav Nominal Clearances 
0.47 m 
Loads ana lys i s  which considered separa t ion  ve loc i ty ,  a i r c r a f t  flow 
f i e l d ,  missile a t t i t u d e ,  and var ious launch a i r c r a f t  c ru i se  condi t ions re- 
su l t ed  i n  two cases of predicted load. 
shows t h a t  t he  unfolding a i r ' v a n e  is  opposed by an increasing moment which 
reaches a maximum of 339 N e m  (3000 in-lb) as the  a i r  vane approaches its 
f u l l y  erect posi t ion.  
243 N e m  (2150 in- lb)  a t  approximately one-half the  fo ld  angle. 
quirements necess i t a t e  an extremely compact, high-energy air vane e rec t ion  
system (AVES) which must act within the  a l loca t ed  100 ms.  
The f i r s t  case, a supersonic launch, 
The second case is an a id ing  a i r  load which peaks a t  
These re- 
DESIGN CONCEPT 
The concept se lec ted  f o r  t h i s  mechanism (a  type of "yankee" screw- 
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d r ive r )  uses a small gas generator  ( t h r u s t e r )  t o  pressur ize  a p is ton  i n  the  
f ixed  roo t  of t he  a i r  vane. Two h e l i c a l  t angs  loca ted  d i a m e t r i c a l l y  oppos i te  
on the  p i s t o n  r i d e  i n  h e l i c a l  grooves machined i n  t h e  p i s t o n  bore,  These 
grooves impart  r o t a r y  motion t o  the  pis ton.  The forward end of t h e  p i s t o n  
rod is sp l ined  and engages female s p l i n e s  i n  a sleeve which is r i g i d l y  con- 
nected t o  t h e  fo ld ing  p a r t  of t h e  air  vane, thus  e r e c t i n g  the  vane as the  
p i s t o n  is  forced forward. 
gas pressur ized  end f o r c e s  hydrau l i c  f l u i d  through a sharp-edged o r i f i c e ,  
producing damping f o r c e s  propor t iona l  t o  the  square of the  p i s t o n  t r ans l a -  
t i o n a l  v e l o c i t y .  Damping is  e s s e n t i a l  t o  reduce t h e  v a r i a t i o n  i n  a i r  vane 
angular  v e l o c i t y  between the  two aerodynamic load cases- Both up- and down- 
lock provis ions  have been incorpora ted ,  along with manual e r e c t i o n  and fold-  
ing  c a p a b i l i t y .  A i r  vane dimensions are approximately 63.5 cm (25 i n )  r o o t  
chord, 22.9 cm (9 i n )  span,  and 3.8 cm (1.5 i n )  maximum th ickness .  
3 p r e s e n t s  an exploded view of t h e  AVES. 
The end of t he  p i s ton / sp l ined  rod oppos i te  of the 
F igure  
Folding 
\ 
Spl i ne S1 eeve 
DamDi na Pis ton 
v \  Non-Foidi ng . 
Part  o f  Vane He1 i x  Internal 
Grooves ( Ins ide)  
F igure  3. Piston-Helix AVES Concept 
MATERIAL SELECTION 
Due t o  high a i r  loads  on t h e  vane and t h e  small s i z e  requirements f o r  
the  AVES, stress a n a l y s i s  d i c t a t e d  t h e  use of high s t r e n g t h  materials. Can- 
d i d a t e  steels which could meet the  h igh  s t r e n g t h  requirements inc lude  AISI 
4340, 250 and 300 grade maraging, Custom 455, 13-8-PHY 17-4-PHY and 440C 
CRES. AISI 4340 and 250 grade maraging steels were s e l e c t e d  because of 
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t h e i r  ready a v a i l a b i l i t y .  The fo ld ing  component w a s  fabr ica ted  fron? t i t a n -  
ium 6-2-4-2. 
To a l l e v i a t e  or minimize g a l l i n g  e f f e c t s ,  the  p is ton/sp l ine  cumponent 
w a s  made of 250 grade maraging steel, The h e l i x  groove component and female 
s p l i n e  s leeve  were constructed from 4340 steel heat- t reated t o  a s t r eng th  of 
1799 MPa (260,000 p s i ) ,  
4340 a t  such a high s t r eng th  leve l .  Opinion w a s  t h a t  d u c t i l i t y  w a s  very 
poor and t h a t  problems could be expected during the app l i ca t ion  of dynamic 
loads during a i r  vane unfolding. A s  discussed la ter ,  however, no problems 
with the  4340 material were encountered throughout the  e n t i r e  test program. 
Damping f l u i d  s e a l s  were made of ethylene propylene, which i s  compatible wi th  
the  Dow Corning 510 s i l i c o n e  o i l  damping f lu id .  These s e a l s  were e f f e c t i v e  
aga ins t  high pressure warm gases, 
Some concern w a s  i n i t i a l l y  expressed i n  the  use of 
GALLING FRICTION TEST 
A test was devfsed t o  determine the  g a l l i n g / f r i c t i o n  c h a r a c t e r i s t i c s  of 
maraging steel s l i d i n g  aga ins t  4340 s t e e l .  Torque loads,  up t o  and includ- 
ing ul t imate ,  were appl ied t o  a d r ive  p is ton/sp l ine  while a hydraulic r a m  
t r ans l a t ed  the  d r ive  p is ton/sp l ine  i n  mating pa r t s .  The test pieces w e r e  
geometrically similar t o  AVES p a r t s ,  however, a l l  motion was l inea r .  Both 
male and female p a r t s  were coated with Everlube 811 d r y  f i lm molybdenum di- 
s u l f i d e  lub r i can t .  The test set-up is shown i n  Figure 4 ,  and Table I pre- 
s en t s  the  measured r e s u l t s .  Inspect ion of the  parts revealed no ga l l i ng  or 
-other detr imental  wear, thus ind ica t ing  s a t i s f a c t o r y  choice of materials and 
lubr icant .  
Drive Spline/Piston 4340 Steel 
Maraging Steel 1790 MPa 
4340 Steel 1720 MPa Force 
Base Plate 
Figure 4. AVES Gal l ing /Fr ic t ion  Test Set-up 
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TABLE I. FRICTION TEST SUMMARY 
Axial Load (N) F r i c t i o n  C o e f f i c i e n t  Applied 
Run Torque 
Number 
~ 
(Ne-m) I Breakaway I Min I Max I Breakaway I Min 
51  
111 
226 
330* 
336* 
503"" 
620*** 
-3 , 114 
3,220 
3,810 
5,600 
6,800 
8,900 
1 0  140 
1,010 - 
2,440 2,990 
3,420 4,480 
5,340 6,940 
5,200 6,610 
7,540 9,270 
9,210 10,880 
- 
0.19 
0.11 
0.11 
0.13 
0.11 
0.11 
0.23 
0.14 
0.10 
0.10 
0.10 
0.10 
10.10 
* Design l i m i t  load  ( r epea t  runs)  
** Design u l t imate  load  
*** Proof load  (2X l i m i t  load)  
~~ 
Max 
- 
0.17 
0.13 
0.14 
0.13 
0.12 
0.10 
Teloci ty  
(m/ s 1 
0.831 
0.820 
0.679 
0.396 
0.287 
0.267 
0.231 
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ACTUATOR SIMULATOR 
The gas  gene ra to r  which provides  the energy f o r  e r e c t i o n  of t he  AVES 
was being developed concurren t ly  wi th  AVES f a b r i c a t i o n .  Since t h i s  hardware 
w a s  not a v a i l a b l e  f o r  gas  gene ra to r  development and v e r i f i c a t i o n  t e s t i n g ,  an 
a c t u a t o r  s imula to r  w a s  designed and f a b r i c a t e d  (Figure 5).  This  device s i m -  
u l a t e d  t h e  r e a c t i o n  f o r c e s  of t h e  damping f l u i d ,  mechanical f r i c t i o n ,  etc., 
and dup l i ca t ed  the  t i m e  rate of change of t he  gas  chamber volume. Its con- 
s t r u c t i o n  provided f o r  gas  and f l u i d  p re s su re  ins t rumenta t ion  as w e l l  as 
p i s t o n  p o s i t i o n  versus  t i m e .  P r i o r  t o  using the  s imula tor  f o r  gas  genera tor  
t e s t i n g ,  t r i a l  runs were made us ing  34.5 MPa (5000 p s i )  of gaseous n i t rogen ,  
These experiments demonstrated r e l i a b l e  opera t ion  of t he  s imula tor  and pro- 
vided a check on damper o r i f i c e  s iz ing .  
P o s i  t i  on Transducer Pi ck-off 
Pressure Port 
Gas Chamber Gas Generator 
ki17 Por t  F igu re  5. AVES Actuator  Simulator  
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I n  October 1977, a l l  materials were a v a i l a b l e  t o  begin  t e s t i n g .  The 
AVES was requ i r ed  eo opera t e  a g a i n s t  a i d i n g  and opposing loads a t  the min- 
imum and maximum expected temperatures  (Table 11). 
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TABLE 11. AVES TEST SEQUENCE 
T e s t  
No. 
C G 1  
CG2 
C G 3  
CG4 
CG5 
WG1 
CG6 
CG7 
WG2 
CG8 
WG3 
WG4 
WG5 
Gas Source 
Manual Checkout 
Bot t led  GN2 
Bo t t l ed  GN2 
Bo t t l ed  GN2 
Bo t t l ed  GN2 
Warm Gas 
Bo t t l ed  GN2 
Bot t led  GN2 
Warm Gas 
Bo t t l ed  GN2 
Warm G a s  
Warm Gas 
Warm G a s  
P re s su re  
(Mw 
- 
3.45 
13.8 
34*5 
34.5 
34.5 
34.5 
34.5 
- 
- 
- 
- 
- 
Load 
Condit ion 
- 
None 
None 
None 
None 
None 
Opposing 
Opposing 
Opposing 
Aiding 
Aiding 
Opposing 
Opposing 
Temp era t u r  e 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
344°K 
219OK 
344°K 
A l l  of t h e  cold gas  (CG) runs were completed without  i nc iden t ;  however, 
warm gas t es t  (WG1) f a i l e d  due t o  gas leakage and e ros ion  of t he  WE (Tef- 
l on )  seal i n  t h e  "square" corner .  
A seal material and conf igu ra t ion  test p lan  w a s  developed i n  an a.ttempt 
t o  c u r t a i l  gas  leakage. 
e f f e c t i v e  a t  219% (-65OF) and 344OK (+160"F), and were t o  provide i n i t i a l  
edge preload when i n s t a l l e d ,  They were a l s o  requi red  t o  be r e s i l i e n t  so  
that t h e  gas chamber pressure  tending t o  compress the  seal would a l s o  create 
a d d i t i o n a l  edge loads.  
The candida te  seal materials were requi red  t o  be 
Five seal candida tes  were se l ec t ed :  l ead  seals 0.32 mm (0.125 i n )  t h k k  
and .0.64 mm (0.25 i n )  t h i c k ;  RTV rubber  seals 0.32 mm (0.125 i n )  t h i c k ;  and 
copper shim seals composed of s t a c k s  of shims 0.008 mm (0.003 i n )  t h i c k  i n  
one concept and 0.013 mm (0.005 i n )  t h i c k  i n  another ,  Seventeen l a y e r s  of 
shim s tock  went i n t o  the  making of one copper seal. Each of the  ind iv idua l  
shim s tocks  were made s l i g h t l y  ove r s i ze  such t h a t  t he  package of shims had 
t o  be forced i n t o  t h e  test device. With t h i s  a r r a y  of seals, t e s t i n g  began 
using a modified a c t u a t o r  s imulator .  P a r a l l e l  grooves s imulat ing the  h e l i -  
cal grooves i n  the  AVES were e l ec t r i c -d i scha rge  machined i n  the  gas s i d e  of 
the  cy l inder .  The gas  p i s t o n  w a s  modified t o  inc lude  two d iame t r i ca l ly  op- 
p o s i t e  tangs.  In  t h i s  manner, the square corner  s e a l i n g  problem would be 
dupl ica ted .  Warm gas w a s  suppl ied  by a handloaded c a r t r i d g e  which used a 
BKNO3 boosted i n i t i a t o r  and IMR 4198 smokeless r i f l e  powder (shotgun 
s h e l l ) ,  
no t  leak  were then t e s t e d  a t  219°K (-65°F) soak temperature,  
t he  summary (Table 1111, t h e  RTV rubber seal '  d id  not l eak  a t  e i t h e r  
temperature,  
Each seal candida te  w a s  t e s t e d  a t  room temperature;  those which d i d  
A s  shown i n  
The 0.32 mm (0.125 i n )  RTV seal w a s  then  molded t o  f i t  t he  h e l i c a l  
grooves i n  t h e  AVES. A warm gas test was conducted using the  AVES hardware 
and a shotgun s h e l l .  Immediate leakage w a s  de tec ted  by both thermocouple 
and pressure  ins t rumenta t ion .  The phys ica l  c h a r a c t e r i s t i c s  of t he  a c t u a t o r  
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s imula tor  and the  AVES were c a r e f u l l y  checked and compared t o  determine what 
e f f e c t s  (o the r  than  t h e  h e l i c a l  t w i s t  of t he  AVES grooves) might have con- 
t r i b u t e d  t o  the  seal f a i l u r e ,  The dimensional check revealed t h a t  t he  hel- 
ical  groove i n  the  AVES w a s  rougher than t h a t  i n  the  sf-mulator (4,75 pm 1190 
p in]  ve r sus  3.25 pm [130 pin] ) ,  and t h a t  t h e  c learance  between the tang and 
the  groove w a s  much g r e a t e r  (0.36 mm L0.014 i n ]  ve r sus  0,05 mm [0.002 i n ] )  
on a s ide .  Based on t h i s  information,  t h e  h e l i c a l  t angs  on the  AVES gas 
p i s t o n  were bui l t -up with flame-spray techniques and remachined t o  reduce 
t h e  clearance.  The AVES w a s  then  assembled with the  newly machined p i s t o n  
and RTV seal i n s t a l l e d .  A warm gas t es t  using t h e  same prope l l an t  charge as 
i n  the  s imula tor  tests was run. Again the seal f a i l e d ,  A t  t h i s  po in t ,  it 
w a s  be l ieved  t h a t  s e a l i n g  square corners  would involve a high-r isk develop- 
ment program. Therefore ,  an a l t e r n a t e  concept was configured wherein the  
tanged p i s t o n  w a s  sandwiched between two c y l i n d r i c a l  p i s tons ,  both of which 
could r e a d i l y  be sea led  aga ins t  high pressure  f l u i d s  and gases  wi th  the  use 
of O-rings. To v e r i f y  t h i s  concept,  the AVES test hardware w a s  modified t o  
accept  a c y l i n d r i c a l  p i s t o n  ex tens ion  and O-rings. 
No leak 
Leak 
No l e a k  
Leak 
Leak I 
TABLE 111. SEAL TEST SUMMARY 
Ambient 
Seal Configurat ion I Temperature 
0.32 mm RTV 
0.32 mm l e a d  
0.64 mm l e a d  
0.008 mm copper shim 
0.013 mm copper s h i m  
219°K 
Temper a t  u r  e 
No leak 
Leak 
N/A 
N/A 
N/A 
F igure  6 i l l u s t r a t e s  t he  redesigned conf igura t ion .  Minimal changes 
were required.  The new p a r t  (A) is an ex tens ion  of the  o r i g i n a l  p i s t o n  
( p a r t  C). The p i s t o n  head of p a r t  A is c i r c u l a r  and al lows the  i n s t a l l a t i o n  
of a s tandard  O-ring seal. P a r t  B, t he  cy l inde r  conta in ing  p i s t o n  A, re- 
placed the  t i t an ium extens ion  i n  the  o r i g i n a l  conf igura t ion .  Fastening b o l t  
diameters  were the  same but t he  lengths  were shortened. 
were made of AIS1 4340 steel hea t - t rea ted  t o  a hardness of 1790 MPa (260,000 
p s i ) .  
Both p a r t s  A and B 
O r i g i n a l  p a r t s  C and D requi red  some machining. 
Cylindrical Extension 
Figure  6. AVES Redesigned T e s t  Hardware 
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Pr io r  t o  checking the  performance of the  redesigned AVES with warm gas  
generators ,  two cold gas and th ree  shotgun s h e l l  e r ec t ion  tests were con- 
ducted. The a i r  vane e rec ted  i n  a l l  cases except t he  f i r s t  shotgun s h e l l  
test. In  t h a t  test ,  the  burs t  diaphram ruptured i n  the  f i r s t  s eve ra l  m i l l i -  
seconds. R.eduction of the  shotgun s h e l l  propel lant  charge by one-half al- 
lowed successfu l  e r ec t ion  of the  a i r  vane i n  the  subsequent tests discussed 
below: 
T e s t  WG1 w a s  conducted a t  ambient temperatures with no ex te rna l  loads 
appl ied t o  the  AVES, The a i r  vane opening t i m e  w a s  78 ms. Maximum 
warm gas and f l u i d  damping pressures  were 40 MPa (5800 p s i )  and 103 MPa 
(15,000 p s i )  a respect ively.  Post- tes t  examination of the AVES revealed 
no mechanical damage - a l l  seals worked e f f e c t i v e l y  and the locking pin 
f u l l y  engaged. 
T e s t  WG2 w a s  conducted a t  ambient temperatures with an opposing s i m -  
u la ted  ex te rna l  aerodynamic torque of 339 N a m  (3000 in-lb) appl ied t o  
the  AVES, The air  vane e rec ted  t o  wi th in  0.05 rad  (3 degrees) of f u l l  
opening i n  96 ms.  P a r t i a l  engagement of the  locking pin v e r i f i e d  the  
vane e rec t ion  angle. Examination of the  dr iv ing  p is ton  following AVES 
post- tes t  disassembly and inspec t ion  revealed g a l l i n g  of the  p i s ton  
surface.  This g a l l i n g  ac t ion  w a s  the r e s u l t  of a skewed alignment be- 
tween the  axes of the  cy l inder  and the  dr iving p i s ton  ( loca l ized  t i t a n -  
ium yie ld ing  w a s  involved). Fa i lu re  of the  vane t o  f u l l y  erect w a s  be- 
l i eved  due t o  the  r e s t r a i n t  forces  introduced by ga l l ing .  This e f f e c t  
was el iminated from succeeding tests by machining the  d r ive  p is ton  t o  
an approximate sphe r i ca l  shape, 
T e s t  WG3 w a s  conducted at  344°K (160°F) with  an a id ing  simulated aero- 
dynamic torque of 243 N * m  (2150 in-lb) appl ied t o  the  AVES. The vane 
e rec ted  with f u l l  locking pin engagement within 66 m s o  
ve loc i ty  a t  f u l l  e r ec t ion  w a s  25.2 rad/s ,  Peak warm gas and damping, 
. pressures  of 54.5 PlPa (7900 p s i )  and 142 MPa (20,600 p s i ) ,  respective- 
l y ,  were recorded. Post- tes t  examination revealed no mechanical dam- 
age, o the r  than p a r t i a l  ex t rus ion  of the  hydraul ic  damping f l u i d  Teflon 
sea l ing  backup rings.  
The angular 
T e s t  WG4 was conducted a t  219% (-65°F) with a simulated opposing load 
appl ied t o  the  AVES, The vane erected f u l l y  wi th in  114.5 m s  and then 
backed off about 0.05 rad (3 degrees) due t o  the  opposing load, 
locking pin d id  not move - ind ica t ing  a frozen condi t ion,  
up, however, the  locking pin engaged. 
m s  w a s  p a r t i a l l y  a t t r i b u t e d  t o  opposing torques generated i n  the  test 
f i x t u r e  equipment ( i o e r n s  bearings).  Measurement of t h i s  torque ranged 
from- 8.5 t o  17 Nem (75 t o  150 in-lb). 
the  AVES is  increased about 6 percent due t o  t h i s  e f f e c t .  
The 
Af ter  warm- 
An opening t i m e  i n  excess of 100 
The work involved i n  e rec t ing  
T e s t  WG5, conducted a t  344°K (160°F) with an opposing load appl ied t o  
the  AVES, was expected t o  develop the highest  pressures  of any of the 
tests. 
t y  burs t  diaphragm ( ra ted  77.6 t o  81,O MPa [11,250 t o  11,750 p s i ] )  rup- 
tured,  The e rec t ion  process terminated i n  30 m s ,  a t  which point  the  
a i r  vane had erec ted  1.05 rad  (60 degrees).  
The gas pressure rose t o  75.8 MPa (11,000 p s i ) ,  when t h e  safe- 
No physical  damage w a s  
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sus t a ined  by the AVES o t h e r  than Teflon backup r i n g  ex t rus ion  on the  
damping f l u i d  seals (pressure  % 169.6 MPa [24,600 p s i ] ) .  
For subsequent t e s t i n g ,  t h e  damping o r i f i c e  area w a s  increased  by a 
f a c t o r  of 2,O t o  reduce the  e r e c t i o n  t i m e  f o r  the  opposing load,  219°K 
(-65°F) condi t ion .  
ana lyses  which showed t h a t  a i r  vane opening t i m e  w a s  reduced 9 m s  by in- 
c reas ing  the  damping o r i f i c e  area t o  1.5 times the  nominal value.  An addi- 
t i o n a l  3 m s  w a s  gained by doubling the  area. Only 1 a d d i t i o n a l  m s  would be 
gained i f  t he  area were t o  be increased  2.5 times. 
This s e l e c t e d  va lue  w a s  based on r e s u l t s  of dynamic 
FINAL AVES TESTING 
In A p r i l  1978, a d d i t i o n a l  gas  genera tors  were purchased t o  repea t  AVES 
tests WG2, WG4, and WG5. A b r i e f  d e s c r i p t i o n  of each of these  tests 
follows: 
o T e s t  WG2R w a s  conducted a t  ambient temperatures  wi th  an opposing s i m -  
u l a t e d  e x t e r n a l  aerodynamic torque of 339 Nom (3000 in-lb) appl ied  t o  
t h e  AVES. The a i r  vane e rec t ed  wi th  f u l l  locking p in  engagement i n  99 
m s .  Expected opening t i m e  w a s  approximately 75 m s .  P r i o r  t o  the  test, 
t h e  wir ing  on one of t he  two i n i t i a t o r s  w a s  a c c i d e n t a l l y  broken. Each 
of t h e  i n i t i a t o r s  conta ined  115 mg of propel lan t .  With only one-half 
t h e  p rope l l an t  a v a i l a b l e ,  t h e  i n i t i a l  chamber pressure  w a s  cons iderably  
reduced f o r  t h i s  test. Despi te  t h i s  def ic iency ,  a l l  tes t  requirements 
were m e t .  
e Test WG5R was  conducted a t  344°K (160°F) wi th  an opposing load appl ied  
t o  t h e  AVES. The a i r  vane opened with f u l l  locking p in  engagement 
( v i s u a l  observat ion)  i n  51 m s .  
o Tests WG4R and WG4R2 were conducted a t  219°K (-65°F) wi th  s imulated op- 
. posing loads  app l i ed  t o  the  AVES. 
i n  e i t h e r  test due t o  f a i l u r e  of t he  O-rings t o  seal the  w a r m  gas pres- 
s u r e s ;  however, f u l l  e r e c t i o n  w a s  achieved i n  tes t  WG4, and no gas  
leakage pas t  the  O-ring seal occurred i n  t h a t  test. Pos t - tes t  examina- 
t i o n  of the  O-ring i n  both tests ind ica t ed  e ros ion  of the O-ring over a 
s e c t o r  width of about 1.05 rad  (60 degrees).  P o s i t i o n  of t h i s  s e c t o r  
w a s  symmetrical about t he  p i s t o n  topside.  F a i l u r e  of the O-rings t o  
seal w a s  a t t r i b u t e d  t o  excess ive  y i e ld ing  of t he  t i t an ium fo ld ing  a i r  
vane i n  the  v i c i n i t y  of t he  gas genera tor .  This y i e ld ing  caused m i s -  
al ignment between the  axes of the gas cy l inde r  and O-ring sea led  gas 
p is ton .  A s  a r e s u l t ,  a g r e a t e r  amount of O-ring on t h e  p i s t o n  tops ide  
was exposed t o  the  hot  gases  than on the  p i s t o n  s i d e s  and bottom. 
Yielding of t he  t i t an ium w a s  f i r s t  no t iced  on test WG2. Apparently,  
t h e  amount of y i e ld ing  w a s  not enough t o  cause leakage on test WG4; 
however, continued t e s t i n g  increased  tlie y ie ld ing ,  I n  an AVES rede- 
s igned f o r  tactical  use,  t h i s  type of s t r u c t u r a l  behavior would not 
occur. Typical  dynamic response c h a r a c t e r i s t i c s  of t hese  tests are 
shown i n  Figure 7. 
The a i r  vane f a i l e d  t o  f u l l y  erect 
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Figure 7. AVES Dynamic Response f o r  T e s t  WG2R (Typical) 
Figure 8 summarizes AVES performance with respec t  t o  opening t i m e  and 
angular pos i t i on  requirements. For a l l  load and temperature condi t ions,  t h e  
AVES erec ted  f u l l y  on tests WG1, WG2R, WG3, WG4, and WG5R within 100 m s ,  and 
had f u l l  engagement of the  locking pin except on test WG4. The e rec t ion  
time performance of WG4 (cold temperature opposing load) w i l l  meet 100 m s ,  
requirement by doubling t h e  damping o r i f i c e  area. An a l t e r n a t e  locking p in  
design has been implemented which w i l l  prevent freeze-up a t  cold tempera- 
tures .  
CONCLUSIONS - LESSONS LEARNED 
The AVES development program has shown t h a t  the  piston-helix concept, 
i n i t i a l l y  shown f e a s i b l e  through analyses  and later demonstrated experimen- 
t a l l y ,  is  a sound concept. This design withstood 11 warm gas, 5 shotgun 
s h e l l  gas ,  and 8 cold gas e rec t ion  tests with no degradation i n  performance 
u n t i l  the  l as t  2 tests. Future development e f f o r t  w i l l  concentrate  on 
weight reduct ion,  ease of manufacture, good main ta inabi l i ty ,  and incorpora- 
t i o n  of lessons  learned from the  i n i t i a l  development e f f o r t  ( i-e. ,  gas seal- 
ing  and locking pin mechanism). 
Lessons learned from the  AVES development test program include: 
1 Gaps between the  h e l i x  d r i v e  tang and h e l i x  i n t e r n a l  grooves 
could not be e f f e c t i v e l y  sealed aga ins t  high gas pressures.  
O-rings proved t o  be e f f e c t i v e  sea ls .  
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The O-ring sea l ed ,  spring-loaded locking  p in  w a s  i nope ra t ive  a t  
219OK (-65'F). 
of gas  p re s su re  as the locking  f o r c e  is requi red  f o r  a rede- 
s igned tac t ica l  AVES. 
A concept change t o  remove O-rings o r  t he  use 
Damping bellows should be designed such t h a t  r epea tab le  rup tu re  
p a t t e r n s  occur  dur ing  vane e rec t ion .  
A gas  gene ra to r  wi th  a smaller temperature  s e n s i t i v i t y  coe f f i -  
c i e n t  is recommended t o  reduce v a r i a t i o n s  i n  AVES performance 
due t o  temperature  environments . 
Ethylene propylene O-rings w i l l  s a t i s f a c t o r i l y  seal dynamic 
damping f l u i d  p re s su res  as h igh  as 165 MPa (24,000 p s i )  and gas 
pressures  as h igh  as 75.8 MPa (11,000 ps i ) .  
~ ~- 
Figure  8. AVES T e s t  Performance 
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